The iron content from 24 well water samples in tropical southern Nigeria ranged from 0.05 to 3.
Introduction
A significant proportion of the iron intake of people in developing countries is accounted for by the contaminant iron in their diets [1] . Contaminant iron can cause iron overload, as in the case of the siderosis in the Bantus of South Africa, who derive excess dietary iron from a traditional fermented maize beverage brewed in iron pots [2] . The iron in readily available reduced ionic state is absorbed through the gastrointestinal tract. The iron content of foods cooked in iron utensils increases significantly [3] [4] [5] . The bioavailability of iron from apples with nails inserted to rust [6] and from food cooked in iron pots [7] is relatively high.
Contaminant iron in the diet of people in developing countries may also be derived from particles of soil adhering to food items that are not properly washed before consumption [8] . In Ethiopia a significant proportion of the high iron intake from the cereal teff (Eragrostis tef) has been found to be accounted for by contamination with soil during threshing under the hooves of cattle [9] .
Generally, agricultural products in these countries are exposed to significant contamination with soil particles during processing and retailing. Moreover, these food items are often rinsed in water obtained chiefly from wells that supply drinking water for the rural populace. Both the water and soils may contain iron. We attempted to quantify the amount and in vitro availability of this mineral in samples of soil and well water obtained from locations in south-west Nigeria.
Materials and methods

Materials
Water and soil samples
Duplicate samples of water were taken from 24 wells in different locations at Ago-lwoye, Ogun State, Nigeria. The water was filtered and stored for subsequent analysis.
Ten samples of soils from different farm lands were also taken at a depth of six inches below the surface. These samples were sieved to remove the stones, ovendried at 50°C to constant weight, and stored in polythene bags for analysis.
Iron was extracted from triplicate 5-g soil samples by washing three times with a total volume per sample of 50 ml of a solvent containing 0.02 g of ascorbic acid in 100 ml of 0.1 N HCI, and the extracted iron was analysed for soluble iron. Iron extracted from the soil samples in the solvent was concentrated for the in vitro dialysable iron assay. 
Meals
Semi-synthetic meals were prepared using refined ingredients as described by Miller et al. [10] (table 1) . Tropical food items such as maize, yams, cassava, and plantains were purchased from a local market.
Reagents for in vitro digestion studies
A solution was prepared from 16 g of pepsin powder (porcine stomach mucosa, Sigma Chemical Co., Poole, Dorset, UK) in 100 ml 0.1 M HCI pancreatinbile extract mixture. Four grams of pancreatin (porcine pancreas, Sigma Chemical Co.) was suspended in 0.1 M sodium bicarbonate and the volume brought to 1 litre with 0.1 M sodium bicarbonate.
A solution was prepared from 100 g of trichloracetic acid, 100 g of hydroxylamine HCI, and 100 ml of concentrated HCI dissolved in deionized water and brought to a volume of 1 litre.
A solution was prepared from 250 mg of bathophenanthroline sulfonate dissolved in 2 M sodium acetate and brought to 1 litre with 2 M sodium acetate.
Analytical methods
Meal samples were homogenized in 50 ml of deionized water. The pH of the homogenates was adjusted to 2 with 6 M HCI and the final weight adjusted to 100 g with 0.01 M HCI. Extracted and concentrated iron from the soil samples was added to the meals at a level of 1 mg per 100 g and the final weight adjusted to 100 g with 0.01 M HCI. The standard meal contained ferric chloride at the same concentration.
Three millilitres of the pepsin solution was added to the homogenized sample and incubated in a shaking water bath for two hours at 37°C. Twenty-gram aliquots of the pepsin digest were transferred to conical flasks. Segments of dialysis tubing containing 25 ml of deionized water and an amount of sodium bicarbonate equivalent to the titratable acidity (determined according to Miller et al. [10] ) were put into each flask, and the flasks were incubated in the shaking water bath for about 30 minutes or until the pH was 5. Five millilitres of the pancreatinbile extract mixture was then added, and the incubation continued for another two hours.
After pancreatic digestion, the contents of the dialysis tubes were quantitatively transferred to a 25 ml volumetric flask and made up to volume with deionized water.
Dialysable iron (%) = (µ g iron per ml dialysate x 25 x 100)/[µ g iron per ml sample x weight of sample (g)]
The in vitro calorimetric analysis of dialysable iron as an estimation of availability described by Miller et al. [10] has the advantages of cost, speed, and reduced variability, and correlates well with human in viva studies [11] .
Meal samples were dry-ached, and iron was estimated calorimetrically as described by Schricker et al. [11] , modified to use ferrozine (R) colour reagent (3-(2-pyridyl)5, 6-diphenyl-1, 2, 4-triazone-P, P-1disulfonic acid, Sigma Chemical Co. ) as described by Carter [12] . Total iron concentration was calculated from a standard curve of ferric chloride solutions. All glassware was rendered ironfree by soaking in 6 N HCI and rinsed thoroughly with deionized water before use.
Statistical analysis was done using analysis of variance. The least significant difference (LSD) test [13] was applied when treatment F was significant at the 5% level of probability.
Results and discussion
The iron content from the 24 well water samples ranged from 0.05 to 3.1 µ g per millilitre of water. The iron content of tap water from four sources averaged 0.06 µ g per millilitre; that from rain water was negligible (table 2). The well water therefore contributes contaminant iron to the diet of those who consume it.
The solubility of the iron from the 10 soil samples in deionized water ranged from 25 to 140.7 µ g per 100 g of soil (table 3) . For some of the samples, the solubility increased minimally in 0.1 M NaOH (pH 11.5). There were, however, significant increases in the solubility in 0.1 N HCI 1.5 and 0.1 N HCI-ascorbic acid solution.
The stable forms of iron in an aqueous environment are the ferric form, Fe³+, and its reduced ferrous form, Fe 2+ . These are hydrated as Fe(H 2 O)³+ 6 and Fe (H 2 O)²+ 6 in solution. The corresponding insoluble iron hydroxides, FeOH 2 and FeOH 3 , are formed as pH is increased. At a neutral pH of 7, Fe 2+ precipitates and has a solubility of about 10-t M, whereas Fe³+ has a solubility of about 10-6 M [14] . This probably explains the low solubilization of iron in well water (pH 6.8-7.5) and from the soil samples in deionized water. The increased solubility of iron from some of the soil samples in the alkaline medium was similar to the observations of others [15, 16] . At room temperature and on oxidation in the presence of alkali, Fe 2+ can convert to the insoluble and stable oxyhydroxide FeOOH, but Fe³+ cannot form the stable FeOOH or Fe 2 O 2 without heat. Therefore, Fe³+ forms a less stable intermediate that is more susceptible to resolubilization in an alkaline medium [16] . Ascorbic acid can solubilize Fe³+ by forming complexes and/or by reduction to Fe 2+ [17] . The chemical reduction of Fe³+ to Fe 2+ by ascorbic acid has been well documented in food and model systems [18] .
In general, the total extractable iron from the soil samples was much lower than the value of 2.27 g per 100 g from dry clay soil [19] . Variation in mineral solubility can be due to the soil type, the season of the year, the amount of organic matter, and the presence of various chelates [20] . The soils sampled for the current study during the planting season were loamy. The dialysable iron from the synthetic meals was significantly affected by the addition of contaminant iron ( fig. 1 ). The dialysability of soil iron compared favourably in some cases with the standard meal containing ferric chloride. The variability of dialysable iron from the soil samples could be accounted for by the chemical forms of iron and the presence of intrinsic chelates. Dialysable iron also increased significantly in the presence of ascorbic acid.
Dialysable iron was significantly enhanced in some food items when ascorbic acid was added. This enhancement was increased when contaminant iron from soil sample 10 was added to the food. The exogenous iron from the contaminant soil was mixed with the intrinsic food iron and was thus subjected to the enhancing and inhibitory influences of food components. Interpretation of the results from composite meals becomes complicated because of the contribution of iron from the various food sources and the effects of varying ratios of iron and of enhancers and inhibitors. The concept of a common pool of non-haem iron [21] from the meals and the contaminant source was measured calorimetrically. studies have found exchangeability of contaminant iron with a radio iron pool of 70% [19] and of 0%-35% [8] , depending on the soil type.
The contribution of contaminant iron to the iron nutrition of people in developing countries is therefore strongly influenced by the presence of enhancers of iron availability. Unfortunately, these are often not appreciably consumed by a significant proportion of the people. Hallberg and Bjorn-Rasmussen also concluded that contaminant iron could be a good source of dietary iron [8] . Similarly, the iron added to food by cooking in iron utensils is as available as native food iron [5] .
It is evident that enhancers of iron availability, such as the haem iron of meat and ascorbic acid, play important roles in iron nutrition, and low intake of these is one of the main reasons iron deficiency is prevalent in developing countries despite the relatively high intake of dietary and contaminant iron.
